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Abstract 
Hafnium oxide (HfO2) films synthesized by thermal atomic layer deposition (ALD) are investigated for low-
temperature surface passivation of moderately doped crystalline silicon (c-Si). At intermediate bulk injection levels, 
effective surface recombination velocities of 55 cm/s and 24 cm/s are achieved on 2.1 cm p-type and 3.3 cm n-
type c-Si, respectively, demonstrating a good level of surface passivation. Fourier transform infrared spectroscopy 
and cross-sectional transmission electron microscopy experiments are conducted to provide insight into the surface 
passivation mechanism of HfO2 on c-Si. The good passivation quality is shown to be due to both chemical 
passivation and field-effect passivation. The latter is due to built-in positive charges in the HfO2 film, which is 
particularly beneficial for the passivation of n-type c-Si. 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Solar Energy 
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1. Introduction 
The passivation of electrically active surface defects (“surface passivation”) is of importance for a 
range of crystalline silicon (c-Si) based electronic devices, and in particular for high-efficiency c-Si solar 
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cells [1, 2]. The traditional surface passivation method for these solar cells is thermal oxidation at high 
temperature (950-1100 °C). Thermal oxide provides good passivation on moderately doped n- and p-type 
c-Si surfaces, as well as on heavily doped n-type c-Si surfaces [1]. Disadvantages of thermal oxides for 
solar cell applications include a long processing time and a high processing temperature. Due to these 
process related issues, significant efforts have been spent in the past by the solar cell community on the 
development of low-temperature surface passivation methods for both moderately doped and heavily 
doped c-Si surfaces. A major result of these efforts has been the development of hydrogenated amorphous 
silicon nitride (a-SiNx:H) films deposited at low temperature (300-400 °C) by plasma-enhanced chemical 
vapour deposition (PECVD) [1, 3, 4]. Such films provide very good passivation on moderately doped n- 
and p-type c-Si surfaces, as well as on heavily doped n-type c-Si surfaces [1]. Since they provide far 
superior antireflective properties than a thermal silicon dioxide film, a large fraction of today’s industrial 
c-Si wafer solar cells features a plasma-deposited silicon nitride film on the front surface.  
 
Other low-temperature passivation schemes for moderately doped c-Si that have been developed in the 
past include amorphous silicon carbide (a-SiCx:H) [5, 6], hydrogenated amorphous silicon (a-Si:H) [7] 
and aluminium oxide (Al2O3) [3, 8-11]. Al2O3 is a high-κ dielectric material with negligible absorption in 
the visible part of the solar spectrum that demonstrates an excellent level of surface passivation on n-type 
and p-type c-Si surfaces, as well as on heavily doped p-type c-Si surfaces, driven by a reasonably low 
interface defect density in combination with a high fixed negative charge density in the film [8-10]. 
Besides Al2O3, hafnium oxide (HfO2) is also an important high-κ dielectric material with negligible 
absorption in the visible spectrum [12]. In the semiconductor industry, HfO2 has been investigated as an 
alternative to silicon dioxide due to its high dielectric constant, good electrical interface properties, and 
relatively high thermal stability. Recently, Wang et al. reported a surface recombination velocity of 73 
cm/s for n-type c-Si passivated by HfO2 grown by atomic layer deposition (ALD) [13]. Similar results 
were also obtained on p-type c-Si passivated by ALD-grown HfO2 [14]. 
 
In this work, HfO2 films synthesised by thermal ALD are studied for surface passivation of moderately 
doped n-type and p-type c-Si wafers. Structural properties of the HfO2 film before and after annealing are 
studied in detail to gain insight into the surface passivation mechanism of HfO2 on c-Si. 
2. Experiments 
HfO2 thin films were grown in a thermal ALD reactor (Genus, StrataGem-200) at a substrate 
temperature of 300°C, using trimethylhafnium (TMHf) and H2O as the precursors for hafnium and 
oxygen. One deposition cycle consisted of one H2O pulse, one nitrogen purge, one TMHf pulse, and 
another nitrogen purge. The total cycle time was about 8 s and the growth rate about 0.6 Å/cycle. To 
study the surface passivation quality, an identical film was deposited in two separate ALD runs onto each 
surface of double-side polished c-Si substrates, resulting in a symmetrically coated carrier lifetime 
sample. Moderately doped p-type (280 µm, <100>, 2.1 cm) and n-type (280 µm, <100>, 3.3 cm) 
float-zoned (Fz) c-Si substrates were used in this study. Prior to the insertion into the ALD reactor, the c-
Si substrates received a standard RCA (Radio Corporation of America) cleaning process, followed by a 
HF dip, water rinse and drying step in gaseous nitrogen (N2). This sequence ensures a H-terminated c-Si 
surface [15]. Upon completion of the lifetime measurements, the carrier lifetime sample was annealed at 
440 °C in a N2 ambient for 30 minutes and then re-measured. 
 
The effective carrier lifetime of each carrier lifetime sample was measured by the photoconductance 
decay method, using a calibrated lifetime tester (Sinton Consulting, WCT100) in both the quasi-steady-
86  F. Lin et al. / Energy Procedia 15 (2012) 84 – 90 F. Lin et al. / Energy Procedia 00 (2011) 000–000 3 
state and the transient mode [16]. The upper limit Seff.max of the effective surface recombination velocity is 
obtained by assuming an infinite bulk lifetime in the c-Si substrate. It is given by [17]: 
eff
eff
WS
2max.
                                                                                        (1) 
where W is the substrate thickness, and τeff is the effective carrier lifetime of the sample. 
 
Infrared absorption spectra were measured using a Fourier transform infrared (FTIR) spectrometer 
(Varian, model 3100) in the range of 400-4000 cm-1. Cross-sectional transmission electron microscopy 
(TEM) images were obtained using a JEOL 2010F system operating at 200 kV. For the TEM measure-
ments, the as-deposited samples were prepared using a focused ion beam, whereas the annealed samples 
were prepared by means of manual grinding followed by ion milling. 
3. Results and discussion 
3.1. Electrical properties 
Figure 1(a) shows the injection level dependent effective carrier lifetime for the p-type c-Si substrate 
(2.1 cm) passivated by a 10-nm and 15-nm HfO2 thin film, respectively. For the 10-nm HfO2 film, the 
effective carrier lifetime τeff of the sample (the τeff value is quoted at an injection level of 1×1015 cm-3 
unless indicated otherwise) increased from 81 µs to 256 µs due to the post-deposition anneal, corres-
ponding to a Seff.max value of 55 cm/s after annealing. The injection level dependent effective lifetime of 
the 15-nm HfO2 sample is also shown in Fig. 1(a). It can be seen that the passivation quality for both 
HfO2 thicknesses is quite similar, both before and after annealing. 
 
 
Fig. 1. Measured injection level dependence of the effective lifetimes of (a) the moderately doped p-type samples 
symmetrically passivated by 10 nm and 15 nm thick HfO2 films and (b) a moderately doped n-type sample 
symmetrically passivated by 15 nm thick HfO2 films. The measurements were performed before (as-deposited) and 
after the 440 °C thermal annealing step (annealed). 
The corresponding results for n-type c-Si substrates (3.3 cm) are shown in Fig. 1(b), for a HfO2 film 
thickness of 15 nm. As can be seen, the τeff at an injection level of 1×1015 cm-3 are higher than in the case 
of the p-type substrates (Fig. 1(a)), both before and after annealing (267 µs and 599 µs, respectively, 
corresponding to Seff.max values of 54 cm/s and 24 cm/s). 
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In Figs. 1(a) and 1(b), the effective lifetimes decrease for injection levels above 1016 cm-3 due to Auger 
recombination in the bulk of the c-Si substrate. The effective lifetimes of the p-type samples demonstrate 
a very strong injection level dependence in the as-deposited state, with the effective lifetime decreasing 
by about one order of magnitude when the injection level is decreased from 1016 to 1013 cm-3. This 
injection level dependence is much weaker for the annealed samples. For the n-type sample (Fig. 1(b)), 
the effective lifetime decreases only slightly with reducing injection level. The injection level dependence 
of the effective lifetime of HfO2 passivated samples is quite similar to that of a-SiNx:H, a-SiCx:H, and 
thermal oxide passivated samples [1-7], indicating that it is most likely related with the positive polarity 
of the fixed charges in the film [18]. The passivation mechanism will be discussed later in more detail. 
 
As seen from Fig. 1(a), there is no significant difference in the effective lifetimes of p-type c-Si 
substrates passivated with HfO2 thin films of different thickness (10 nm and 15 nm). The improved 
surface passivation after the post-deposition anneal for both thicknesses could be attributed to a reduction 
in the electrically active defect density at the c-Si/HfO2 interface. Hydrogen from the HfO2 bulk could 
diffuse to the interfacial region and provide the chemical passivation of the dangling bonds, reducing the 
defect related recombination rate. 
 
For as-deposited 15-nm HfO2 films, the effective lifetime of the n-type sample (267 µs) is more than 
two times higher than that of the p-type sample (105 µs). The post-deposition N2 anneal improved the 
effective lifetime of the n-type sample to 599 µs (Seff.max = 24 cm/s). It is noted that these two samples 
were fabricated using the identical HfO2 process and given the same annealing process. It has been 
reported that HfO2 films on c-Si contain positive fixed charges with a density of up to 1012 elementary 
charges per cm2 [14, 19, 20]. These positive built-in charges in the HfO2 film could be attributed to 
oxygen vacancies, which are known to be the dominant intrinsic defect in both bulk HfO2 and thin-film 
HfO2 [21, 22]. It has been found that, in three-fold coordinated Hf sites, positively charged oxygen 
vacancies V2+ and V+ are energetically favourable and stable [23]. The positive fixed charges are 
particularly beneficial for passivating n-type c-Si substrates, because they repel the bulk minority charge 
carriers (holes) from the c-Si surface and consequently reduce the surface recombination rate. In the case 
of p-type substrates, the positive built-in charges in the HfO2 film produce an inversion layer along the 
c-Si surface. It is noted that the doping concentration of the p-type wafer is 5 times higher than that of the 
n-type wafer. This is one reason for the higher Seff.max of the p-type wafer, because it is well known that, 
for a given fixed insulator charge density, field-effect passivation becomes less effective with increasing 
doping concentration of the wafer [1]. As suggested in the literature [24, 25], the pronounced injection 
level dependence of the effective lifetime in Fig. 1(a) for HfO2 passivated p-type c-Si samples could 
mainly be due to the recombination losses in this surface space charge region. Shockley-Read-Hall (SRH) 
recombination in the bulk or at the surface could also result in a small decrease in effective lifetime at 
lower injection level [26, 27], as can be observed in Fig. 1(b) for HfO2 passivated n-type c-Si samples. 
More recently, Steingrube et al. attributed this injection dependence to a damaged region in a thin layer 
underneath the passivating film, which is mainly due to H-induced defects introduced during sample 
preparation or deposition process [28]. 
3.2. Structural properties 
As the post-deposition anneal in N2 results in a significant increase in the c-Si surface passivation 
quality on both n- and p-type c-Si, the structural changes in the c-Si/HfO2 system caused by this anneal 
were studied in more detail to get more insight into the surface passivation mechanism of HfO2. Cross-
sectional TEM images of an as-deposited and the annealed 10-nm HfO2 film on c-Si are shown in Figs. 
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2(a) and 2(b). As can be seen, the as-deposited HfO2 film is amorphous while the film is transformed into 
a polycrystalline state by the post-deposition anneal in N2. An interfacial oxide layer can be seen between 
the c-Si substrate and the HfO2 thin film. This layer was determined to have a thickness of about 0.9 nm 
and 1.1 nm for the as-deposited and annealed sample, respectively. This interfacial oxide film was most 
likely formed when the H-terminated c-Si surface was exposed to H2O during the first few ALD cycles. 
 
     
Fig. 2. Cross-sectional transmission electron microscope images of a p-type c-Si substrate passivated with a 10 nm 
thick HfO2 film, (a) before and  (b) after thermal annealing at 440 °C. 
The interfacial oxide layer is also confirmed by the presence of Si-O bonds in the infrared absorption 
spectra of as-deposited and annealed 10-nm HfO2 films, see Fig. 3. The intensity of the Si-O stretching 
mode is found to be higher after the post-deposition anneal, which agrees well with the slightly thicker 
interfacial oxide film observed by TEM. The absorption band for the Si-O rocking mode overlaps with 
the monoclinic HfO2 absorption band near 512 cm-1 and thus cannot be properly resolved. The absorption 
bands near 752, 600, 512 and 410 cm-1 (see arrows) are typical for monoclinic HfO2 [29]. The 
enhancement of the monoclinic HfO2 absorption bands due to post-deposition annealing indicates the 
transformation of the HfO2 film into the monoclinic phase. This is in good agreement with the TEM 
observation that the HfO2 film is polycrystalline after the post-deposition anneal. 
 
As suggested by the infrared spectra and the cross-sectional TEM images, the interfacial oxide layer 
thickness increases during the post-deposition anneal. This thickening of the interfacial oxide layer could 
result from the oxidation of the underlying Si substrate by oxygen diffusing from the HfO2 film to the c-
Si substrate, because HfO2 thin films are known to be prone to the phenomenon of oxygen out-diffusion 
[22, 30]. Consequently, the positively charged oxygen vacancy density in the HfO2 film would increase 
during the post-deposition anneal, resulting in a large improvement of the effective lifetime of n-type 
samples. In addition, it has been reported that the fixed positive charge density in HfO2 films increases 
during ultraviolet (UV) radiation, owing to photon-induced electron injection [31]. Hence, the field-effect 
passivation by HfO2 may be further improved by exposure to UV light. This could be beneficial for its 
application in solar cells. 
 
It is also noted that the as-deposited amorphous HfO2 film is converted to a polycrystalline film during 
the post-deposition N2 anneal. One may think that the grain boundaries in the polycrystalline HfO2 may 
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become diffusion paths for defects and charged carriers, and therefore compromising the effective carrier 
lifetime. As indicated in this work, the crystallization of the HfO2 film does not seem to affect the level of 
surface passivation. Similarly, in their studies of the electrical properties of HfO2, Lee et al. [32] and Kim 
et al. [33] reported that the leakage currents in amorphous and polycrystalline HfO2 are similar. 
 
 
Fig. 3. Infrared absorption spectra of a p-type c-Si wafer passivated by a 10 nm thick HfO2 film, before and after 
thermal annealing at 440 °C. The spectrum for the annealed sample is shifted upwards by 0.008 for better comparison. 
The absorption bands typical for monoclinic HfO2 (near 752, 600, 512, 410 cm-1) are indicated by arrows. The 
absorption spectra were obtained by dividing the infrared absorption spectrum measured on the c-Si/HfO2 sample by 
the infrared absorption spectrum measured on the c-Si reference sample (edge region of the same wafer, which was 
not coated by the HfO2 film). 
4. Summary 
In this paper, HfO2 thin films fabricated at low temperature with thermal ALD were shown to provide 
good surface passivation of moderately doped p-type and n-type crystalline silicon wafers. Effective 
surface recombination velocities of 55 cm/s and 24 cm/s were obtained on 2.1 cm p-type and 3.3 cm 
n-type c-Si wafers, respectively. The good surface passivation is due to both chemical passivation and 
field-effect passivation. The latter results from built-in positive fixed charges, which are particularly 
beneficial for the passivation of n-type c-Si surfaces.  
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